We investigate phonon transport in perovskite strontium titanate (SrTiO3) which is stable above its phase transition temperature (~105 K) by using first-principles molecular dynamics and anharmonic lattice dynamics. Unlike conventional ground-state-based perturbation methods that give imaginary phonon frequencies, the current calculation reproduces stable phonon dispersion relations observed in experiments. We find the contribution of optical phonons to overall lattice thermal conductivity is larger than 60%, markedly different from the usual picture with dominant contribution from acoustic phonons. The mode-and pseudopotential-dependence analysis suggests the strong attenuation of acoustic phonons transport originated from strong anharmonic coupling with the transversely-polarized ferroelectric modes.
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Strontium titanate (SrTiO3) is among the most extensively studied phase transition materials, which displays intriguing properties such as ferroelectricity, superconductivity, and bears great potential for important technological applications such as thermoelectrics. 1- 3) Enhancement of both Seebeck coefficient (S) and electrical conductivity (σ) and reduction of thermal conductivity (κ) are essential to escalate thermoelectric figure of merit at temperature T (ZT=S 2 σT/κ). 4) Recently, the potential of SrTiO3 as an environmentallyfriendly oxide thermoelectric material was highlighted by a giant S realized in SrTi0.8Nb0.2O3 quantum well by electron confinement effect. 5) In fact, properly doped SrTiO3 already exhibited a high power factor (S 2 σ) comparable to that of Bi2Te3. 3) There, its intrinsic moderate lattice thermal conductivity (κlat ≈ κ) is the bottleneck for further improvement of
ZT.
In the target temperature range for thermoelectrics above its phase transition point (Tc=105 K), SrTiO3 crystallizes in a cubic perovskite structure. 6) While there are several theoretical studies 6, 7) devoted into understanding the electronic properties of perovskite SrTiO3, its thermal transport properties have received less attention and remain an open question.
Investigation of key thermal transport properties such as κlat and phonon mean free path (MFP) so far has greatly relied on the empirical equations with either fitting or adjustable parameters, 8) and more accurate and systematic investigation on microscopic phonon transport is needed to gain further insight into possible strategies for κlat reduction.
For accurate calculations of phonon transport, recently-established anharmonic lattice dynamics (ALD) method with interatomic force constants (IFCs) obtained from first principles has been demonstrated to be a powerful tool. 9) It has been successfully applied to various thermoelectric materials [10] [11] [12] [13] to obtain κlat and to gain deep understanding in microscopic mechanism of thermal transport. However, conventional methods to obtain 3 IFCs based on the perturbation around ground state are no longer valid for perovskite SrTiO3 due to the structural instability. On the other hand, it has been recently shown that firstprinciples molecular dynamics (FPMD) method can readily include any orders of anharmonicity at finite temperature, 14) and has been employed together with lattice dynamics to successfully compute phonon dispersion for phase transition CaSiO3. 15) Here, we applied similar method combining FPMD and ALD 13, 14) to perovskite SrTiO3 to investigate harmonic and anharmonic phonon transport properties.
In present work, we employed the real-space displacement method 16) to calculate IFCs, which are defined as Taylor expansion coefficients of atomic force (F) with respect to displacement (u) from equilibrium position:
where Φ and Ψ are harmonic and cubic anharmonic IFCs, respectively. The integer i, j, and k represent atomic indices, and α, β, and γ are Cartesian components. As mentioned above, the conventional method calculates IFCs using F and u sampled at ground state, which would lead to imaginary phonon frequencies for perovskite SrTiO3, i.e. thermodynamically unstable. We thus performed FPMD simulation to stabilize perovskite structure of SrTiO3, to sample the F and u datasets.
The FPMD simulation was conducted for 4×4×4 supercell containing 320 atoms using plane-wave basis method implemented in the Quantum Espresso package. 17) We adopted both local density approximation (LDA) and generalized gradient approximation (GGA) for exchange-correlation functional to study pseudopotential-dependent phonon properties. The parameterizations of Perdew-Wang and Perdew-Burke-Ernzerhof were selected for LDA and GGA, respectively. The cutoff energies for plane-wave expansion and charge density were 4 set to 70(60) and 280(700) Ryd for LDA (GGA). Γ point was chosen for k-point sampling.
The lattice constants for LDA and GGA were set to 3.81 and 3.93 Å, respectively, which were obtained by minimization of total energy.
In the FPMD simulation, the system was equilibrated at 300 K (NVT) using the velocity scaling method for ~0.25 ps with time step of 0.483 fs followed by ~0.5 ps-long constant energy (NVE) run for collecting atomic displacements and forces datasets. Temperature fluctuation during FPMD-NVE run is less than 5%, and root mean squared displacements of constituent elements are in agreements with experiment 18) (Tab. 1). We then calculated harmonic and cubic IFCs using ALAMODE package. 13) As for the range of IFCs, we included all allowed interactions in 4×4×4 supercell for harmonic IFCs, and second nearest neighbors for cubic IFCs. Once harmonic IFCs are obtained, phonon dispersion relations can be calculated by solving dynamical matrix with given wavevectors. Polar effect is modeled by adding a nonanalytical term with mixed-space method. 19) The Born effective charges of constituent elements and dielectric constant were calculated through macroscopic electric polarization using density function perturbation theory (Tab. 1). 17) Figure. 1 shows phonon dispersion relations of perovskite SrTiO3 computed with LDA and GGA. Unlike the previous calculations based on ground-state perturbation 23, 24) that gave imaginary frequencies for anti-ferroelectric distortive (AFD) modes (R and M points) and ferroelectric (FE) mode (zone center Γ point), the current FPMD-based calculation with both LDA and GGA succeeded in reproducing non-imaginary frequencies of perovskite SrTiO3.
Phonon frequencies calculated with LDA appear higher (harder) through the entire Brillouin zone and those with GGA better reproduce the experiments. [25] [26] [27] A significant pseudopotential dependence of FE mode around 2.5 THz is observed, which has been also found in previous calculations. 23, 24) The good agreements of AFD and FE modes with 5 experiments at 300 K indicate the capability of current FPMD simulation to take finite temperature effect into account. Note that except for [100] direction, dispersions of longitudinal acoustic phonons (LA) are quickly flattened as wavevector goes away from zone center. By contrast to acoustic branches, some of the optical branches are quite dispersive, which implies that their contribution to κlat are not negligible.
In addition to phonon dispersion relation, to further validate the obtained harmonic IFCs,
we calculated temperature-dependent volumetric heat capacity (CV) shown in Fig. 2 . CV calculated with LDA underestimates experiment at low temperatures due to hardening of phonon frequencies (Fig. 1) . CV calculated from phonon dispersion relation reasonably agrees with experiments [28] [29] [30] for the range of temperatures above Tc despite that the IFCs are calculated for 300 K. This is because frequency shifts of most phonons except for AFD and FE modes do not strongly depend on temperature (Fig. 1) , which implies that it is reasonable to use harmonic IFCs obtained at 300 K for investigating phonon transport in the wide temperature range. We also extracted Debye temperatures from CV and listed them in Tab.1.
To gain insight into the lattice anharmonicity, we next calculated mode-Grüneisen parameters of phonons with wavevector q and branch j using the obtained cubic IFCs.
Grüneisen parameter is a response of phonon frequency to volume change, and quantifies anharmonicity of crystal lattice 31) : γj(q)=(- lnωj(q)/  lnV), where V is crystal volume and ωj(q) denotes frequency of (q, j) phonon. Again, as shown in Fig. 3 Fig. 1 despite relatively simple perovskite structure.
We also evaluated linear thermal expansion coefficient (α) to validate obtained cubic IFCs, which is given by
Here B represents bulk modulus, which is calculated from total energy calculation and equation of states 33) (Tab.1). γth is Grüneisen constant defined as an average of modeGrüneisen parameters weighted by heat capacities of phonons in entire Brillouin zone:
As a result, γth calculated with LDA and GGA at 300 K are 1.454 and 1.462, which are comparable with previous results. 34, 35) Furthermore, calculated α are 0.608×10
and 0.795×10 -5 K -1 (GGA) at 300 K, which are consistent with experiments at the same temperature (0.86-0.88×10 -5 K -1 ). 36, 37) We finally calculate κlat based on phonon gas model:
where vg,j(q) and τj(q) are group velocity and relaxation time of (q, j) phonon. The ALD calculation was performed on 20×20×20 uniform q-meshes. Fig. 4 shows calculated temperature-dependent κlat together with the values from various experiments. [38] [39] [40] [41] [42] Note that thermal conductivity due to excited carriers is negligible up to 900 K since perovskite SrTiO3 7 is a wide-gap semiconductor. As seen in Fig. 4 , GGA well-reproduces the temperature dependence of κlat at temperature higher than 300 K and LDA overestimates κlat in the same temperature range because of smaller anharmonicity as indicated by Grüneisen parameters (Fig. 3) . The relatively large deviation from experiments at low temperatures is attributed to sensitivity of κlat to the possible impurity (e.g. oxygen atoms deficiency) scattering and finite-size effect particularly dominant in this temperature range. The MFP dependence of cumulative κlat (an accumulation function of κlat) 43) shown in inset suggests phonons under 10 nm contributes considerably to heat conduction at room temperature. This indicates that very small structures would be required if one aims to reduce κlat by nanostructuring. 44) To further investigate mode-dependence heat conduction, we computed cumulative κlat in frequency space at 300 K (Fig. 5) . In low frequency regime, cumulative κlat increases monotonically due to contribution from acoustic phonons. However, their contribution is quite limited and less than 30%. Surprisingly, optical phonons above 2.5 THz (especially transverse optical phonons, TO) contribute to over 60% of total κlat and are the dominant heat carriers in perovskite SrTiO3. To gain insights into the mechanism, we compared the mode-dependent κlat along representative symmetry lines (Γ-X and Γ-R) calculated using LDA and GGA. As seen in Fig. 3 , the calculations using LDA and GGA serve as the case studies without and with the divergence in Grüneisen number (i.e. anharmonicity) at FE mode (TO phonons at Γ). As summarized in Tab. 2, the comparison suggests that the presence of the divergence significantly reduces κlat of both transverse (TA) and longitudinal (LA) acoustic phonons. The strong coupling between TA and TO phonons has been previously suggested in relaxor ferroelectrics. 45) On the other hand, the strong LA-TO coupling is consistent with what has been seen for incipient ferroelectric lead telluride. 12, 46) In summary, we have applied first principles phonon transport analysis combining FPMD 8 and ALD to perovskite SrTiO3, a phase transition material which is stable only above 105 K.
By incorporating finite temperature effect into harmonic IFCs, we successfully computed phonon dispersion relations that exhibit non-imaginary frequencies and match with experiments. The calculations further reproduced temperature dependent lattice thermal conductivity well and disclosed an exceptionally large heat conduction contribution from optical phonons. The mode-and pseudopotential-dependent analysis suggest that the small contribution of acoustic phonons results from coexistence of TA-TO and LA-TO coupling arising from strongly anharmonic FE mode in perovskite SrTiO3. In addition, demonstrated applicability of current approach to the phase transition material displays a great potential to extend first-principles-based phonon transport analysis to wide range of materials, where exciting phenomena remain to be uncovered. Tab 2. Branches decomposed κlat along Γ-X and Γ-R direction with LDA and GGA.
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